The article presents theoretical foundations of application of the reduced I-V Blaesser's characteristics in predicting a photovoltaic cell/module (PV) efficiency, together with calculation procedures. A detailed analysis of the error of this transformation method of characteristics was carried out. Its practical application in predicting efficiency of operation of various PV cells and modules in medium and high insulation conditions was demonstrated. The practical suitability of the presented method in early detection of ageing phenomena, such as, for example, absorber degradation taking place in PV modules, was demonstrated. The article was prepared on the basis of the results of testing five different PV modules with various constructions, made of different materials and absorbers, such as: c-Si, mc-Si, CIS, a-Si_SJ, a-Si_TJ. The used measurement data were collected during the 16-year period of the experimental PV modules testing system operation in Opole University, equipped with a data acquisition system.
The presented article is the second one in the series on non-standard application of commonly known calculation models and procedures in PV measuring. The first one titled: The use of two-diode substitute model in predicting the efficiency of PV conversion in low solar conditions [1] -regarded the non-standard application of a two-diode model in assessment of operation quality, including suitability for work in very low and low insulation conditions and in simple assessment of PV cells and modules degradation level. The second -currently presented, regards the application of standardised Blaesser's characteristics in assessment of construction and material degradation of cells and modules, in the medium and high insolation conditions. Similarly to the first, it was written in the form of a guide to the above mentioned studies, with detailed introduction and comment sections.
Introduction
In order to assess technical condition of operating PV modules and the degree of degradation of their construction (e.g. absorber), it is necessary to compare their parameters in reference to always the same environment conditions defined in the IEC-60 904-3 standard [2] , as so-called Standard Test Conditions (STC). These conditions cannot be maintained in most of the carried out measurements. The conditions included in the norm IEC-60 904-3 demand presentation of the obtained results of PV cells and modules at: PV cells temperature T C = 25±2°C, intensity of the falling solar radiation G POA = 1000 W/m 2 and spectral distribution of AM 1.5 type. Meeting these conditions for the measurements taken in external conditions may be very problematic. Therefore it becomes necessary to apply the mathematical conversion procedures, which enable converting individual I-V characteristic points of PV cells/modules from measurements other than STC to the values, which can be obtained in STC. A correction of the measured actual characteristics I-V of PV cells and modules to the reference conditions defined as STC must be carried out. One of the four below presented correction methods for PV cells is used most frequently [3, 4] 
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where: Index 1 refers to the measured parameters of a cell characteristics, index 2 refers to the results obtained after the correction to the final cell temperature T C and radiation intensity G. T 2 -T 1 is the corrected temperatures difference, G 2 -G 1 is the corrected difference of radiation value.
The first three methods require a few parameters, such as short-circuit current temperature coefficient α and open circuit voltage β as well as serial resistance R s of the analysed element. The procedure within IEC-60 891 standard uses the fourth parameter referred to as "K curve correction coefficient." Such parameters are not used in a two-diode model, but they are required in the curve simulation computer software I-V [9] . More information regarding the PV characteristics linearization and their temperatures corrections can be found in [10] [11] [12] [13] [14] [15] .
Summing up: 1) The above mentioned methods for characteristics correction to STC conditions can be applied only for the conversion not greater than [3] : ∆T C = ±(30, max 40) K -of a cell temperature and for ∆G = ±300 W/m 2 -of solar radiation intensity. Then, for the applied correction methods 1-3, a relative error of voltage measurement is, respectively: δU OC ≅ 2% and < 2.5%, for limit ranges of temperature correction, i.e. 30 and 40 K. Whereas a relative error of current measurement: δI SC ≅ 8% for the radiation correction range ∆G = ±300 W/m 2 . In the case of the 4th correction methodthe obtained errors are greater and amount to: δU OC ≅ 3 at ∆T C = ±30 K, δU OC ≅ 5.5 at ∆T C = ±40 K and δI SC ≅ 14% at ∆G = ±300 W/m 2 .
2) The application of characteristics correction methods to the STC operation conditions is quite troublesome in practical, engineering work. Irrespective of the applied method, it requires determining the actual values of coefficients and resistance. These coefficients change along with the progressing degradation of PV modules construction. Moreover, some of them, for example resistances (R s , R sh ) and a diode excellence coefficients (n 1 , n 2 ) [16, 17] change their values along with the increase of a cell temperature and the values of falling radiation. More information regarding the influence of absorber degradation on the value of n coefficient can be found in [18] [19] [20] [21] . 3) Considering tight restrictions regarding the possible range of corrections -their direct use in comparing/analysing I-V characteristics of the modules, operating in a wide range of variability of conditions (i.e. high range of T C and G values fluctuation) -is practically impossible. However, already in 1997 during the 14 th EPSEC in Barcelona, G. Blaesser presented a new method of comparison, based on the use of so called reduced I-V characteristics of PV modules, which should be almost independent from meteorological conditions in the location where they operate [22] .
Blaesser's reduced I-V characteristics of PV modules
The reduced current voltage (I-V) characteristics of PV module is obtained from the ordinary form of I-V characteristics, by normalisation of current I to the value of short circuit current of a module I SC and voltage U to the value of open circuit voltage U OC of a PV module. Therefore, it is a function of:
The measured (source/original) I-V curve of a PV module is a set of pairs of values ("points") (I, U), from the short circuit point (I SC , 0) to the open circuit point (0, U OC ). These points form a curve on the plane (I, U), which function graph I = F(U) -is referred to as I-V characteristics. As the reduced characteristics use the normalised values of I/I SC and U/U OC , all characteristics are automatically rescaled to the range from 0 to 1. This operation allows to locate all characteristics in one graph, irrespective of the atmospheric conditions present during measurement taking, and compare them.
Note: The basic limitation of the above mentioned procedure [22] regards comparison of the measured curves with characteristics extrapolated to STC, only with maintaining the minimum lighting level of modules G POA ≥ 600 W/m 2 .
Analysis of the method error in Blaesser's reduced I-V characteristics

Theoretical analysis
The method of Blaesser's reduced current voltage (I-V) characteristics is based on translation of current (I,0) and voltage (0,U) coordinates of the actual measurement points, using the simplified Blaesser's procedures, i.e. the expressions: (3) and (4). Then: ,   1   2  1  2  1  1  1  2  2  2 ln , , After simplifying and assuming that I 2 is a module current for T C = T 2 and G POA = G 2 , similarly to I 1 and to U 2 and U 1 we obtain:
Analysis of the current coordinate translation function (11):
By translating I SC1 to the conditions T 2 and G 2 according to (11) and dividing both sides, we obtain: 
Analysis of the voltage translation function (12):
Using the voltage translation function (12) and substituting for U = U OC1 , we obtain:
That means that the voltage translation value is:
Introducing the definition of the reduced values of voltage translation and resistance R s of the formula: A voltage translation error function "ε": 
Summing up: Comparing the expressions (13) and (20) we obtain translation functions of points coordinates of the Blaesser's reduced characteristics (23) :
Expression of the translation error function of Blaesser's reduced characteristics
Using the definition (8) and the function of translation of points coordinates of Blaesser's reduced characteristics (23) one can notice that the translation changes the reduced characteristics:
into: (25) Then, the absolute and relative error of the translation method takes the form, respectively: (27) Practical estimate of the method error in Blaesser's reduced I-V characteristics
Analysis with the use of one-diode substitute PV model
The form of a one-diode substitute PV module is described by the expression (28): (28) where: q kT U T = -free enthalpy (thermodynamic potential) of 26 mV for silicon at temperature 300 K, n -diode quality coefficient in a one-diode model, N -number of cells in a PV module. Due to the fact that in Blaesser's translation method, the parallel resistance of a cell/module is not taken into consideration, i.e. it is assumed that R sh = ∞, the expression (28) is simplified to the form (29):
Then, the function F(U) for the conditions T 1 and G 1 assumes the form:
, dividing sides by I SC1 we obtain: 
Considering that: 
and in the case of a reduced characteristics with translation to the conditions T 2 and G 2 :
( ) 
In this case, using (26) and (33) 
Relative error is determined in line with (27) , having determined (35) or (36) before. Whereas a simplified form of absolute error of translation of reduced characteristics, for the case when R s = 0 (i.e. r s = 0), is presented by the relation (37): 
for v = 0.85; δ < 9.0%
for v = 0.90; δ < 18.6%
error, determined according to (27) for the previously determined relative errors, according to (36) and (35). The analysis of Figure 1 brings the following observations: a) The ideal I-V characteristics of the module as well as its normalised characteristics has almost zero inclination in the range of voltages v < 0.6 (R sh = ∞) and a very sharply falling side (large inclination) of characteristics for voltages close to v ≅ 1. In consequence, we see almost zero value of translation errors in voltages range v < 0.6 and a very fast increase of errors values after exceeding so called "I-V characteristics elbow" and getting closer to the value ν to 1. That is, after exceeding v > 0.9 (the effect of a very high value of derivative in this area of the curve). b) The results obtained from the relation (36) and (35) are basically comparable. The obtained differences result from the fact that the derivative from the relation (36) in direct vicinity v→1 heads to ∞ for R s = 0 Ω and distorts the actual error value, which does not take place in the case of actual modules, i.e. when their R s > 0. c) Despite using a considerable simplification of a module model, the obtained relative error result δ I of translation for ∆G POA = 311 W/m 2 amounting to δ i (v = 0.85) = 9%, is comparable to the actual results when using characteristics correction procedures with the use of translation from methods from (1) to (3), which is within the range δI SC ≅ 8% [3] . e) Comparing Blaesser's reduced characteristics for different values of radiation intensity G, without taking into consideration the changes of ambient temperature (T amb ) involves the comparison of the obtained, normalised PV modules characteristics operating at different levels of adjustment of spectral sensitivity characteristics to the spectral distribution of the solar radiation. 3. The analysis of the remark from point 2 suggests that it is actually very difficult to filter out the external factors, influencing errors of translation of Blaesser's reduced characteristics, in order to determine the error of the method when applying the above mentioned function.
Analysis with the use of a PV cell simulator
A program simulator of a silicon PV cell made for laboratory-didactic classes was used for further analysis. The input data were generated numeric tables of AM1.5G spectrum, according to the procedures included in the SMART2 [24] application -relevant to the spectrum reference distribution from the norm IEC 60904-3. The module consisting of 32 (N = 32) silicon cells connected in series, in which a single I-V characteristics was generated by the above mentioned simulator. Thus the characteristics is generated by linear scaling (x32) of voltage values from a single PV module cell characteristics. The simulator was prepared according to the procedures describe in [25, 26] . Table 1 presents the cell material parameters taken from [25] , required for the simulator operation. The simulation was carried out for two leakage resistance values R sh = 276 Ω, and 100,000 Ω -further marked in figure as R sh = ∞ Ω, i.e. without leakage resistance. The assumed value of the module serial resistance R s = 0.37 Ω. The application contains numerical procedures for plotting and solving implicit functions, which ideally suited solving the current task. Table 2 includes parameters of atmospheric data required to generate the input reference spectrum. Next, the spectrum numerical table was rescaled linearly to five spectrum distributions with total powers: 1000, 700, 500, 300 and 200 W/m 2 . Thus obtained files of input spectra with various powers had identical spectral distribution with the same APE and content of each UF fraction. The data was presented in Figure 4 . The spectra were generated in bandwidth 0.28-2.8 µm and scaled to obtain the above mentioned power, in order to adjust to actual operating conditions, with the use of a typical pyranometer CM21 made by K&Z. When determining energetic parameters, the integration area was restricted to B = 0.3-1.7 µm, in order to adjust to measurement conditions of the actual spectroradiometer used in measurements. Solar radiation = Reference spectral IEC 60904-3: In Figure 5 the value of Blaesser's normalised characteristics are presented, for an idealised module without leakage resistance - Figure 5a , and an actual module with leakage resistance R sh = 276 Ω (Fig. 5b) . Both modules had the same cells temperature T C = 49°C and serial resistance R s = 0.37 Ω. Despite the fact that spectral (energy) parameters of the falling solar radiation spectrum were identical, with the only difference of lighting intensity, in both cases the normalised characteristics differ considerably.
In the case of an idealised module without leakage resistance R sh = ∞ (Fig. 5a ), the curves almost cover each other in the full range of lighting value changes. They differ only at the bend, so called "elbow", which is the effect of a non-linear component occurrence ln (G 2 /G 1 ) in (10) . In the area of low values of the reduced voltages "v" i.e. for v < 0.6, the curves have the same, zero inclination. In the area of reduced voltages v→1, i.e. close to v ≅ 1, all curves go down with the same inclination equal to 1/R s . -atmospheric water content: 1.4164 atm-cm; -atmosphere ozone content: 0.3438 atm-cm; -turbidity: 0.084 at 500 nm (β =0,0316); -solar spectrum: global (direct + diffuse); -tilted POA =37 o . for G POA : i=I / I SC [-] v=U / U OC [-] Reference modules c-Si: R s =0.37Ω; R sh =276Ω; T C = 49°S olar radiation = Reference spectral IEC 60904-3:
-atmospheric water content: 1.4164 atm-cm; -atmosphere ozone content: 0.3438 atm-cm; -turbidity: 0.084 at 500 nm (β =0,0316); -solar spectrum: global (direct + diffuse); -tilted POA =37 o .
for G POA : 
In the case of an actual module, with leakage resistance R sh = 276 Ω (Fig. 5b) , the curves are at a considerable distance. The largest distance occurs during the largest load of the module, i.e. in the area of low values of reduced voltages "v" and low values of falling radiation, i.e. for low values of photocurrents generated in the modules. In the area of reduced voltages v→1, i.e. close to v ≅ 1, as in figure a), all curves go down with the same inclination equal to 1/R s . The occurring differences, caused by the influence of leakage resistance R sh , in the module, become even more visible in the measured characteristics, along with decreasing their lighting values G POA below 500 W/m 2 . ; T C = 49°C), determined according to (26) . The blue curve with a circle, marked as: Subtracted by "i 1 = I/I SC1 " on "i 2 = I/I SC2 " -the actual, total translation error of the reduced Blaesser's characteristics, occurring during translation from G POA1 to G POA2 , at the same cells temperature in the module (T C -const), determined according to (38) . The dashed green curve -marked in the graph as δ = 100×f'(v 1 )×ε/i 1 -the absolute error flow for the same translation, determined according to (27) . Whereas the green curve with an asterisk -marked in the graphs as δ = 100×(i 2 -i 1 )/i 1 -the absolute error flow of translation, determined according to (39). The graphs on the left in Figures 6-9 , marked a present the obtained translation data for an idealised module (i.e. for R sh = ∞), those on the right -for an actual module with typical resistance as in the modules with c-Si R s = 276 Ω. 2. In the range of values G POA ≥ 700 W/m 2 , for the actual modules having leakage resistance R sh = 276 Ω, there is equalisation of translation error, calculated according to Blaesser's method, i.e. (26) and (27) , with the actual results determined according to (38) and (39). 3. The significance of translation error and its flow in the function "v", calculated according to (26) and (27) (27) and the measured actual, according to (39) is within the range of 1%, which fully conforms with [6] . However, in the case of higher leakage in a module (i.e. for low values R sh , Figs. 6-9b) -the rule for the low voltages "v" range does not apply.
If during translation of normalised I-V curves of modules from the area of low G POA
values to STC conditions -the occurrence of actual leakage resistance R sh is not taken into consideration, it results in a major distortion of the flow calculated according to Blaesser's method (26) and (27), i.e. a translation error, in lower ranges of normalised voltages ("v"), in particular. The situation is much improved in the case of testing idealised modules, i.e. with no leakage resistance (R sh = ∞), however, this does not reflect the real conditions.
Simplified method for determining actual translation errors:
Using the definition of the Blaesser's reduced characteristics (8) T C1 ) and (G 2 ,T C2 ), then using to (26) and (27) , the absolute and relative translation error of the I-V curve of the module, from the conditions (G 1 ,T C1 ) to (G 2 ,T C2 ) can be presented in the form, respectively: Whereas the expression (39) means that it is necessary to divide the difference of two processes by the stabilised first one. It should be remembered that numerical operations in these processes can be carried out only in the conditions of unification of the "v" voltage variable, for both processes.
The above presented Blaesser's method of determining translation errors according to (38) and (39) is a very simple operation in order to obtain reliable results, without the need to carry out very complex mathematical operations!!
The obtained results are comparable to earlier presented methods, but there are no limitations. In Figure 10 . The graphs were plotted using the expressions (26) and (27) and the simplified method, i.e. the expressions (38) and (39). It should be noted that many obtained results are similar; it should be remembered that a guaranteed quality of translation of the Blaesser's normalised curves to STC conditions can be maintained only measurements for G POA > 600 W/m 2 [6] ). The only difference is the lack of differentiation by the translation error in voltage axis (ε) -the error originating from the increase of cells temperature T C in the module from the error from the increase of lighting level G (see Fig. 10 ). These factors have contradictory influence on the increases of output voltages in modules. . The graphs were plotted using the expressions (26) and (27) and the simplified method, i.e. the expressions (38) and (39) In further analyses, the presented new method based on (38) and (39) 
Research results
The assessment of the technical condition of the working PV modules and the level of degradation of their construction was carried out using the characteristics of the I-V of tested modules that were recorded for two extremely different days occurring in areas with higher latitudes. The first one, characterized by low insolation and average temperatures, which is referred to in IEC 61853-4 ED1 (IEC 61853, DRAFT 82/254) [28] 
U / U OC [-]
Low Irradiance, Medium Temperature (LIMT): Figure 11a and the flow of translation of I-V curves function from the initial exploitation period (i.e. from 2001 - Fig. 12) , confirm good quality of the construction of the monocrystalline module used in the tests. However, 16 years of exploitation in extreme conditions caused considerable degradation of materials and construction of the tested PV module, noticed in the changes of distribution of the module normalised I-V curves (see Fig. 11b ). The presence of a very large increase of serial resistance R s can be noticed, already after exceeding the solar radiation value above G POA > (150-300) W/m 2 and in the range of higher temperatures of cells operation T C in the PV module. This is caused by construction and material degradation, including, for example, cracks in a module cell or cells, structural damage of a cell surface layer, including various hairline cracks, etc. The effects of a PV module 16 years of use: increase of the mc-Si module leakage (i.e. decrease of R sh resistance), and the occurrence of a strong correlation between the increase of lighting intensity level G POA , cells operation temperature T C and a decreasing R sh (increase of the module leakage - Fig. 13b ). Moreover, in Figures 13b and 14b ,c one can notice the appearance of a characteristic discontinuity in the characteristics of low "i" current values, so-called discontinuity in the vicinity of a module U OC voltage with low lighting conditions, occurring during periods of high level of insolation and temperatures. The phenomenon described in [1] frequently occurring in amorphous modules, is an effect of the slow degradation of a cell crystalline structure. 
U / U OC [-] Opole: 2016 July M9_mc-Si The effects of a 16-year exploitation of a PV module: decrease of a module FF coefficient, increase of R s , and decrease of R sh resistance. Moreover, a characteristic discontinuity appeared in the characteristics of low "i" current values, so-called discontinuity in the vicinity of a module U OC voltage with low lighting conditions (Fig. 15b) , occurring during periods of high level of insolation and temperatures; the phenomenon has been described in [1] .
In the case of a triple-joint module made of amorphous silicon (Figs. 17 and 18 ), no degradation traces were identified during 14 years of exploitation in the same extreme conditions. Similarly to the module a-Si_TJ, the CIS module (see Figs. 19 and 20) had no visible traces of degradation after 14 years of exploitation, except for a slight increase of R s resistance and the appearance of the influence of radiation increase G POA and cells temperature on the increase of R s . 
Conclusions
The following conclusions and observations can be drawn from the analysis of the above mentioned analysis method: and placing them in a single graph, together with the characteristics recorded directly after the module start up, provides the basic material for analysing the speed and level of degradation of operating modules and assessing their technical condition. 5. Implementing the function for regular (e.g. annual) recording of I-V characteristics of operating PV modules would enable a fast and simple method for performing the basic analysis of their technical conditions on location. Their dismantling and transport to a research laboratory would not be necessary.
